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exclusively  on  the  vertical  eccentricities  existing  in  the  mat  at  the  time  the  load  is  applied;  because  of  the  random 
nature  of  initial  irregularities  in  the  real  system,  the  initial  buckling  load  is  an  unreliable  measure  of  *he  load- 
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straight  rigid  bars  and  movement-free  joints.  Only  qualitative  comparisons  between  the  idealized  and  real 
systems  were  made  because  (a)  the  joints  of  the  real  mat  are  not  movement-free  before  locking,  (b)  there  are 
shifts  in  the  joints  caused  by  horizontal  load  transfer  through  the  joints  during  buckling. 

Methods  by  which  the  stability  can  be  increased  included  several  alternative  lay  patterns.  These  patterns, 
which  enhance  the  postbuckling  behavior  and  may  increase  the  initial  buckling  loud,  arc  suggested  and 
explained. 
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PREFACE 


The  study  reported  herein  was  conducted  at  the  U.  S.  Army  Engineer  Waterways  Experiment 
Station  (WES)  under  Department  of  the  Army  Project  4A7627I9AT3I,  Research  for  Lines  of 
Communication  Facilities  in  Theater  of  Operations.  Military  Engineering  RDTE  Program.  Task  02. 
'‘Air  Line  of  Communication  Facilities,"  Work  Unit  001,  "Evaluation  of  Parameters  Affecting  the 
Horizontal  Stability  of  Landing  Mats,"  under  the  sponsorship  and  guidance  of  the  Office,  Chief  of 
Engineers,  U.  S.  Army. 

The  study  was  conducted  by  Drs.  Y.  T.  Chou  and  W.  R.  Banker  during  the  period  July  1972- 
Dcccntber  1974 ! nder  the  general  supervision  uf  Mr.  J.  P.  Sale,  Chief,  Soilsand  Pavements  laboratory. 
Professor  W.  P.  Dawkins  of  Oklahoma  State  University  was  employed  by  WES  as  a technical 
consultant.  This  report  was  prepared  by  Drs.  Chou  and  Barker.  Professor  Dawkins  prepared  Part  VI. 
"Mathematical  Analysis  of  Landing  Mats."  and  made  suggestions  and  comments  on  the  report. 

BG  E.  D.  Peixotto.  CE.  and  COL  C».  IS.  Hilt,  CE.  were  Directors  of  WES  during  the  conduct  of  this 
investigation  and  the  preparation  of  this  report.  Mr.  F.  R.  Brown  was  the  Technical  Director. 
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CONVERSION  FACTORS,  U.  S.  CUSTOMARY  TO  METRIC  (SI) 
UNITS  OF  MEASUREMENT 


U.  S.  customary  units  of  measurement  used  in  this  report  can  be  converted  to  metric  (SI)  units  as 
follows: 
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By 
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EVALUATION  OF  PARAMETERS 
AFFECTING  HORIZONTAL 
STABILITY  OF  LANDING  MATS 


PART  I:  INTRODUCTION 

BACKGROUND 

1 . In  August  1970,  an  experiment  on  the  operations  of  the  C-5 A aircraft  on  the  landing  mat  test 
fatuity  was  conducted  at  Dyes*  Air  Force  Base  < AFB),  Texas.  A failure  of  an  AM2  mat  runway  system 
was  observed,  indicating  an  instability  of  mat  runways  to  loads  applied  by  aircraft  braking  forces  during 
landing  operations.  A detailed  description  of  the  observations  of  the  incident  is  reported  in  Reference  1. 
To  facilitate  this  presentation,  the  observation  is  briefly  described  in  the  following  paragraphs. 

2.  The  landing  mat  test  facility  was  6000  ft*  long  and  96  to  98  ft  wide,  and  consisted  of  X M 18. 
XMI9.aod  AM2  landing  mats.  The  C-5  A used  in  this  operation  had  an  initial  gross  weight  of  480.000 lb 
with  82-psi  tire  pressure  on  the  main  gears  and  108  psi  on  the  nose  gear.  Prior  to  the  landing  which 
caused  the  failure  incident,  the  test  facility  had  already  experienced  four  take-offs  and  three  landings.  In 
the  fourth  landing,  the  aircraft  made  an  initial  main  gear  touchdown  on  XM19  mat  at  a speed  of 
approximately  140  to  ISO  knots.  Only  brakes  and  spoilers  were  used  in  stopping  theaircraft.  The  initial 
damage  to  the  nut  originated  at  the  transition  between  the  XM 1 9 and  A M2  mats,  which  is  about  1200  ft 
from  the  location  where  braking  started  The  center  portion  of  the  XMI9  had  shifted  in  the  landing 
direction  approximately  1 1 in. the  undcrlap-femalctransaion  adaptor  had  been  bent  and  distorted,  and 
some  of  the  connecter  Ups  were  sheared  off.  The  damaged  mat  was  primarily  AMimt.  (XMlKmat* 
were  placed  in  the  area  behind  the  A M2  mats  J Th;  damaged  AM2  mat  had  become  disconnected  along 
the  12  ft  side  joints  due to  joint  failure,  t’ndjomt  weld  failures  were  evident  with  panel  distortion  of  all 
types  Nu«v*rou»  side  joints  were  torn  oft  and  several  portions  of  panels  were  driven  into  the  ground 
Immediately  after  the  incident,  a I Hi  vertical  bow  wave  earned  in  some  areas  and  was  later  rolled  out 
In  the  area  of  incident,  the  landing  mat  was  underlaid  with  polypropylenestspnatt  waterproofing 
material  with  a I lercuhte  membrane  cover,  The  subgrade  strength  was  estimated  to  he  in  the  range  of  10 
to  IS  California  Bearing  Ratio  tCBKl 

l Several  days  after  rSe  incident  at  Ojes*  AFB  Lockheed  personnel  and  personnel  of  vatiou* 
governmental  agencies  met  to  review  the  incident  The  mam  ucttu  presented  at  the  meeting  were; 

* The  C*fA  was  brakiagat  Si  percent  el  maximum  with  no  rtvewittau&u  however,  thtscewld 
possibly  be  toil  percent  braking  at  tbe  tires  since  the  antiskid  device  was  cycling. 

h A 4-m . vertical  bow  wave  bad  been  observed  by’  Lockheed  personnel  its  the  AM  2 mat  on  a 
previous  finding  after  tbe  C»?A  stopped  on  the  nub  however.  a*  tbe  aircraft  reooed 
forward,  tbe  wave  disappeared 

<r.  High  shear  forces  induced  by  the  **>%»  of  tbe  C-SA  braking  apparently  were  the  genera} 
caiue  of  a tbe  snal  complex. 
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4.  After  the  failure  incident  at  Dyes*  A I B,  a series  of  tests  and  studies  were  conduced  at  the  U.  S. 
Army  Engineer  Waterways  Experiment  Station  (WES)  and  at  Utah  Stat**  University  to  uudy  the 
buckling  characteristics  of  landing  mats  subjected  to  horizontal  loads  for  better  understating  and 
definition  of  the  problems  associated  with  the  C-5  A aircraft  and  landing  mat.  These  studies  and  tests  ore 
briefly  described  in  the  following  paragraphs. 

a.  Immediately  after  the  incident,  tension  and  compression  tests  and  tests  to  determine  th. 
coefficient  of  friction  beneath  the  mat  were  conducted  at  WES  to  obtain  additional 
information  concerning  the  behavior  of  the  AM2  mat.  'these  tests  were  completed  in 
October  1970.  Valuable  results  were  obtained  and  warranted  further  full-scale  laboratory 
buekliag  tests.  The  material  presented  in  this  report  is  a continuation  of  the  1970 
investigation  to  further  understand  the  factors  affecting  the  horizontal  stability  of  lauding 
mats.  The  results  of  the  1970  study  were  reported  in  memorandum  form  and  are  included  in 
Appendix  A. 

b.  Following  the  1970  tests,  extensive  skid  tests  were  conducted  at  WES  on  XM 18.  XM 19.  atul 
T I i landing  mats  placed  in  contact  w ith  soil  and  placed  on  membrane  on  soil  1 he  results 
were  reported  in  the  form  of  a memorandum  for  record.- 

r.  A model  study  of  C-5A  landings  on  A M2  landing  nuts  sponsored  by  the  Air  Force  Weapons 
laboratory  (AFW1-)  was  initiated  at  Utah  State  Un’versity  in  1970.  A mathematical  model 
to  simulate  the  buckling  response  of  the  mats  to  the  horizontal  toads  was  also  developed. 
The  results  of  the  study  are  reported  in  Reference  3.  A meeting  was  held  in  1972  toevaluate 
Utah  State’s  work  and  to  make  recommendations  for  WES’s  program  toevaluate  landing 
mat  behavior  under  C*SA  loadings.  I he  reviewing  hoard  consisted  of  engineers  from  WfS, 
Professor  E,  |..  Wilson  of  the  University  of  California.  Professor  M.  E,  Harr  of  Purdue 
University,  atul  Professor  E.  J.  Barenhcrg  of  the  University  of  Illinois,  'the  general 
consensus  of  the  meeting  was  that  because  of  the  extreme  complexity  of  the  problem,  it  was 
tun  practical  to  attempt  an  elaborate  mechanistic  analytical  solution;  rather,  a simpler 
model  dealing  with  static  heam-cotumn-type  analysts  should  be  tried.  Therefore.  Professor 
W.  p.  llawkin*  of  the  Oklahoma  Slate  University  was  employed  by  WES  to  study  and 
analyze  the  results  of  the  buckling  tests  reported  herein  and  to  examine  the  possibility  of 
developing  an  analytical  expression  for  landing  nut*  subjected  to  hooMutai  toads.  Thi* 
report  covers  the  work  of  Prole***  Dawkins. 

<4  At  tfie  completion  of  the  model  study  on  AMJ  mats.  I ■tab  State  undertook  another  scries, 
sponsored  by  WES.  of  model  stud«*  ott  heavy-duty  truss  web  mat.  tbcnretteal  study  was.  not 
pursued-  IHc  results  and  conclusions  of  the  stydv  are  reported  in  Reference  4 A serves  of 
traffic  texp  and  laboratory  buckling  tests  m prsaotype  trww  web  mate  xwuUr  to  th**e 
reported  ut  tbo  study  were  conducted  at  WES 


pokpoae  amo  scope 

A the-  purposes,  of  tbo  study  were  total  deimeaHdevatyateihepafiy^eerxtbarat'fevttfwsiahloy 
of  landing  mat  to  taftestai  ieftgfe.  tbs  dense  merhod*  by'  which  this  siabdrti,  can  be  increased,  and 
hi  develop  an  aadvfwat  xolutton  to  predict  the  (o-ekhng  behavior  of  the  landing  sot 

b.  f he  prirwary  work  bo-^ved  is  tfo*  study  was  as>  extensive  seises,  of  laboratory  shw  full-scale 
hucklmg tsxtx o«  \\U.  and  -\M  19  su*;. k&S  X with  xUauUkd  *'ai.e*pfW0*«og  Mat  test 

scctcMSs  ranged  *fom  oee  no  five  punch.  the  wraxtssynt  width  of  a text  xeeissts  was  ybft . the  \\ttisun 
were  tested  with  son-ataed  wafefprespfing  todeteneine  the  effect  *>«  brrcktsng  toads  of  the  Fdtefx  Mweited 
along,  the  jynnts  - A setsex  of  haekUrtg  tposof  model  AMI  «nal  were  conducted  in  the  laboratory  f rhe  mats 


.'-wO-Si*  ,-1  t«'£s,--f»ss?'Cvte** *•> :S’'5#j*S iV»:^*;- ■*Vji>. i-jv , ~'*:<v.e>Jil«S n^s'-V-V^"^' JP V^*  J"M j^?/tl/*%j.,JPMJtfXe 


i J.ti  i*  'Ittcw;  wm,I»S  were  equivalent  to  6 to  % ft  in  prototype  wale.  The  purpose  of  the  model  testing 
wa  < i .i  Uvitair-  minrnution  tur  extrapolating  the  laboratory  buckling  test  results  to  mat  sections  of 
greater  \ iatrt.  A theoretic*!  ana!  ns  w»»  . mdueted  to  study  the  buckling  behavior  ol  the  mat  system, 
and  iU  results  were  then  r,«w>  arUvsih  experimental  data. 
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PART  II:  LABORATORY  FULL-SCALE  BUCKLING  TESTS 
OF  LANDING  MATS 

EQU'PMENT 


7.  The  landing  mats  were  pushed  in  the  lateral  direction  by  a hydraulic  binding  »>>teni(  t%aro  «. 
The  magnitude  of  the  load  arid  its  corresponding  lateral  movements  were  recorded  etectro«ki»i,v 
were  plotted  on  a separate  X*V  recorder.  load  speed  was  ab*>ut  6 in.  ' min. 


TEST  METHOD 

k * sfi’t  of  Ktat*  were  gtaeralbr  used  test  wttltthc  li$t  *u*t  feoftesl  loth#  lit^aatofy-V 

g@«s;ificSe  Ye  align  tbs  force's  is  the  plaar  of  the  mu  awl  to  redyec  the  wfo*cfisar  of  frasMs 

r*wvce  M*ee«  the  gcite  and  t be  <ep(victtaj  «ed‘.,«tr.  the  wats  weie  placed  «4\t  * feg&sijfc  Yspte  2 is 

'<tm  ofcefSii  *'te*  of  a 3fi4fi*«de  «tt*t  fra^tse** 

%.  The  weitb  of  the  rw?*4t-  the  failure  ww*>  tjfefr»  aal  the 

Width  (of  the  that  f<*riuS*«C|  festsd  tB  IN'  W£S  3$  ft  f fcefefO&i  tip*  *swOi£»|g  tbe  aergfci  pi  tfcf 

fttis  Wat  hcate  eva*tiEt<e  re  kod  ttieeki  were  pSaied  abWf.  the  *»e  *>*£?*  of  the  IMl  *%»*  «tie#s t* *$*&£ 
tests  and  the  effect  tat  tie  heikliSg  fceteie  wr'  was  stodwd  ffsgwct*  t aad  ff  the  weight  of  the  6o*S  hteefc* 


Figure  4.  Mat  formation  with  concrete  blocks  during  buckling 


was  approximately  2000  lb  each  and  that  of  a concrete  block  approximately  450  lb;  therefore,  the 
concreti  h ock  more  loosely  approximated  the  weight  of  the  extra  width  of  mat. 

10.  ' ae  shapes  of  the  mat  system  during  the  buckling  process  were  measured  optically  using  a level 
set.  The  elevations  of  each  mat  at  the  center  line  of  the  entire  mat  system  in  the  longitudinal  direction  (in 
the  direction  of  the  applied  force)  were  measured  before  and  during  the  buckling  process. 

! 1 . Since  the  mat  runways  in  an  actual  airfield  are  never  placed  on  a perfectly  flat  subgrade  surface, 
eccentricities  inevitably  exist  in  the  mat  system  during  braking  operations.  To  study  the  effect  of 
eccentricity  on  the  buckling  behavior  of  the  mat,  laboratory  tests  were  conducted  with  a mat  system 
having  various  magnitudes  of  eccentricity.  Eccentricity  was  introduced  by  placing  a steel  rod  across  the 
center  line  of  the  mat  system  in  the  direction  perpendicular  to  the  application  of  the  load. 

12.  Each  mat  formation  was  subjected  to  repeated  buckling  tests  (generally  four  or  five 
repetitions).  Results  of  repetitive  tests  of  a formation  were  found  to  be  reproducible  if  the  mat  was  pulled 
to  a full  extended  position  after  each  loading,  Otherwise,  for  a subsequent  loading  the  buckling  load  was 


smaller  than  that  of  the  previous  test. 


>fv «*; ":; *• : • 


* * . f.  V.Iq  ./V' ?5-^-?i  }*V-  ( .5  y.yV.;  ‘--Vy  -;  /?/ 


PART  III:  LABORATORY  BUCKLING  TESTS  OF 
MODEL  AM2  MATS 


1 3.  The  model  AM2  mats  were  obtained  from  the  Utah  State  U niversity.  The  mats  were  fabricated 
to  a 1 / 7 scale  with  respect  to  the  width,  length,  and  weight  of  the  prototype,  but  were  otherwise  not  in 
accordance  with  the  engineering  similitude  law,  pa  rticularly  with  respect  to  the  geometry  and  stiffness  of 
the  joints.  Figure  S shows  two  model  mats  connected  along  the  side  joint.  A detailed  description  of  the 
mats  can  be  found  in  Reference  3. 


. Figure  5,  Model  AM2  mat 

14.  Tests  were  conducted  on  various  widths  ranging  from  one  to  eight  panels.  The  width  of  the 
eight-panel  formation  corresponds  to  the  %-ft  width  of  the  prototype  mat  runway  at  Dyess  AFB. 
Figure  6 shows  the  setup  of  the  model  buckling  test;  the  load  was  applied  to  the  mat  by  a field  CUR 
machine  through  an  arrangement  to  simu'atc  the  horizontal  force  applied  by  two  C-5A  1 2-wheel  gear 
assemblies.  Tests  were  also  conducted  by  pushing  the  mats  with  the  CBR  piston,  which  has  a diameter  of 
2 in. 

1 5.  Because  the  joints  of  the  model  mats  were  very  weak,  difficulty  was  experienced  in  assembling 
the  mats.  In  some  cases,  the  mats  had  to  be  pried  open  by  a knife  for  assembly  purposes.  Unlike  the 
prototype  buckling  tests,  reproducible  results  could  not  be  obtained  in  the  model  mat  testing  the 
buckling  load  always  decreased  as  the  test  was  repeated.  Evidently,  the  joints  were  bent  once  the  mats 
were  buckled;  the  subsequent  buckling  load  decreased  because  of  the  damaged  joints  even  though  I ho 
mats  were  returned  to  a fully  extended  position  before  the  test  was  repeated. 
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PART  IV:  ANALYSIS  AND  PRESENTATION  OF  RESULTS 

CHARACTERISTICS  OF  MATS  TESTED 

16.  General  descriptions  of  AM2,  XM 18.  and  XM 19  mats  can  be  found  in  References  5, 6.  and  7, 
respectively,  and  are  not  repeated  in  this  report.  Waterproof  XM  18  mats  were  not  available  during  the 
tests;  however,  tests  were  conducted  on  XM  18  mats  with  a heavy-duty  rubber  hose  and  plastic  wires 
inserted  along  the  joints.  It  is  believed  that  the  mats  with  the  inserts  simulated  prototype  waterproof 
mats  insofar  as  buckling  tests  arc  concerned. 

MODEL  AM2  MATS 

17.  Figure  7 shows  the  relationships  between  mat  width  and  buckling  load  for  model  AM2  mats. 
Curve  A shows  the  results  for  the  mats  pushed  by  the  3-sq-in.  CBR  piston.  It  can  be  seen  that  the 
bucking  load  increased  almost  linearly  with  increasing  mat  width;  as  the  number  of  mats  increased 
beyonc  three  panels  (or  36  ft  in  prototype)  the  buckling  load  rate  of  increase  began  to  slow.  As  the 
numbe,'  of  the  mats  was  increased  beyond  five  panels  (or  60  ft  in  prototype),  the  rate  of  increase  dropped 
sharply.  Curve  B shows  the  results  for  the  mats  pushed  by  the  two  simulated  C-SA  12-wheel  gear 
assemblies. 

18.  As  explained  earlier,  the  purpose  of  the  laboratory  tests  was  to  obtain  information  to 
extrapolate  laboratory  results  of  buckling  tests  to  mat  formation  of  greater  width.  Figure  7 provides  this 
information.  It  should  be  noted,  however,  that  since  the  model  mats  were  not  manufactured  according 
to  engineering  similitude  laws  and  the  joints  were  very  weak,  the  information  provided  in  Figure  7 
should  be  viewed  as  a crude  approximation. 


PROTOTYPE  BUCKLING  TESTS 


19.  The  joint  configurations  at  both  sides  of  the  mat  in  compressed  and  buckled  up  positions  for 
XMI9,  AM2,and  XMI8  mats  are  shown  in  Figure  8.  The  contact  points  between  two  pieces  of  mat  are 
shown  in  the  figures.  The  dimensions  are  very  simitar  between  AM2  and  XM 18  mats;  therefore,  some 
dimensions  of  the  two  mats  are  presented.  It  should  be  noted  that  the  dimensions  of  landing  mats  vary 
from  one  to  the  other;  the  information  presented  in  Figure  8 is  measured  from  the  specific  mats.  For 
instance,  the  contact  points  may  be  more  than  those  shown  in  Figure  8 as  the  buckling  proccsscontinues. 

XM19  Mato 

20.  The  honeycomb  X M 19  mat  is  a 4-  by  4-ft  square  mat  with  a ur  it  weight  o!  4. 1 psf.  The  tests  were 
conducted  with  mat  formation  widths  of  one,  three,  and  five  panels,  and  with  the  connector  bars 
perpendicular  and  parallel  to  the  had  application.  The  tests  were  also  performed  with  the  square  mats 
staggered  with  the  connector  bars  in  the  position  perpendicular  to  the  load,  which  is  the  normal  method 
of  placement. 

The  inking  angle  of  the  longitudiral  joint  (which  is  parallel  to  the  landing  direction  in  the 
actual  laying  pattern)  is  larger  <han  that  of  the  transverse  joint  (which  is  perpendicular  to  the  landing 
direction  and  has  the  connector  bar);  the  locking  at.gles  are  approximately  ID  and  4 deg,  respectively. 
However,  these  angles  vary  greatly  with  different  mats.  The  locking  angle  is  defined  as  the  maximum 
angle  at  the  joint  between  two  adjacent  panels  at  which  free  rotation  can  exist.  T ables  I and  2 show  the 
results  of  buckling  tests  of  the  XMI9  mats  with  the  connector  bars  perpendicular  and  parallel  to  the 
load,  respectively.  Pie  mat  formation  had  a width  of  20  ft  (five  panels).  The  vertical  movement  values  at 
each  of  the  12  panels  delineate  the  shapes  of  the  buckled  mats  at  different  horizontal  movements;  they 
are  shown  in  Figures  9 and  10,  respectively,  corresponding  to  Tables  I and  2.  It  is  seen  that  although  the 
maximum  buckling  loads  were  nearly  the  same,  the  shapes  of  the  buckled  mats  weredistinctly  different. 
When  the  joint  with  connector  bars  (transverse  joint)  is  perpendicular  to  the  load,  the  shape  wl  the  mats 
under  the  buckling  load  was  similar  toa  continuous  plate,  because  the  locking  angle  along  the  transverse 
joint  is  small  (about  4 deg);  the  maximum  buckling  load  was  obtained  during  the  first  buckling  and  the 
loads  decreased  as  the  height  of  the  buckled  mai  continued  to  increase.  It  is  believed  that  more  panels 
would  be  buckted  and  the  height  of  the  buckled  mats  would  cont.nue  to  increase  if  the  length  of  the  mat 
system  had  been  increased  during  the  test. 

2&,  Because  the  locking  angle  along  the  longitudinal  joint  (joints  without  connector  pins)  is  large 
(about  Id  deg)  fewer  panels  were  displaced  vertically  during  buckling  than  when  the  transverse  joints 
were  perpendicular  to  (he  L ad  It  i«  believed  that  if  the  buckling  process  was  continued,  the  mat  would 
break  along  die  joints  at  locations  8 and  9 m Figure  Id. 

2J.  Atthctopof  Figure  1 1,  the  shapes  of  the  buckled  mats  at  locations'*.  Id  of  Figure  Iddunngthe 
last  two  consecutive  loading  s»ages  are  presented.  The  figures  were  drawn  to  the  same  scale  ut  both 
vertical  and  horizontal  directions.  It  is  seen  that  the  angle  at  location  9 was  1 5 deg  at  the  end  ol  the  test . 
which  was  $ deg  greater  than  the  locking  angle  of  the  joints  It  should  he  pointed  out  that  at  locations  T 
and  Id  the  mat  could  rotate  freely  In  the  middle  of  Figure  1 1 . the  shapes  of  the  buckled  mats  of  Figure  9 
are  presented.  The  angles  at  locations  8 and  9 were  8 deg.  which  was  much  larger  than  the  4-deg 
measured  locking  angle  As  noted  earlier  the  measured  locking  angle  varies  greatly  with  diltercnt  nuts; 
the  measured  4*dcg  angle  may  be  less  than  the  true  average  value 

24;  to  lb  s study,  it  was  hypothesized  that  the  buckling  load  would  increase  if  the  locking  angle  of 
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the  joint  could  be  reduced.  The  results  shown  in  Figures  9- 1 1 indicate  that  the  locking  angle  affects  the 
shape  of  the  buckled  mat  surface  but  not  the  buckling  load.  The  influence  of  the  locking  angle  will  be 
discussed  subsequently.  Although  the  maximum  buckling  loads  are  nearly  the  same,  the  advantage  of 
having  a continuous  and  smooth  buckled  mat  surface  as  shown  in  Figure  9 may  be  rewarding;  the  bow 
wave  appeared  to  be  so  flexible  that  the  chance  for  the  mat  to  break  is  believed  to  be  smaller  than  when 
the  mats  have  an  abrupt  surface  as  sho*vn  in  Figure  10. 

25.  Table  3 shows  the  test  results  of  staggered  XM19  square  mats  with  connector  bars 

I4f“* 

TEST  NO  W-20-0 
MAT  XH19,  <-FT  X 4-FY 
*IDTH  20-FT,  S.ENS5TH  48-FT 
ZERO  ECCENTRICITY 

~ NC'.c  numbers  by  lines  are 
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(RIGHT) 
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perpendicular  to  the  load.  The  maximum  buckling  load  was  nearly  doubled  as  compared  with  the  mat 
system  when  joints  perpendicular  to  the  load  were  not  staggered  ( Figurc9  and  Table  I ).  Figure  1 2 shows 
the  shapes  of  the  buckled  mats  at  three  consecutive  loading  stages.  It  can  be  noted  that  when  compared, 
at  the  same  horizontal  movement,  the  heights  of  the  buckled  mats  we~.  about  the  same  whether  the  mats 
w re  staggered  (Figure  12)  or  not  (Figure  9).  The  shapes  of  the  staggered  mats  during  the  two  last 
loading  stages  are  shown  at  the  bottom  of  Figure  II. 

26.  Figure  13  shows  the  effects  of  eccentricity  on  the  maximum  buckling  loads  of  XM19  nuts.  The 
maximum  eccentricity  used  in  the  tests  was  I in.  It  is  seen  that  for  mat  formations  of  one-mat  width,  i.e., 
4 ft,  and  !2  ft  with  joints  nor  staggered,  eccentricity  did  not  affect  the  buckling  loads.  The.  test  results 
were  rather  inconsistent  for  mats  with  staggered  joints.  This  may  be  due  to  the  fact  that  the  mats  were  not 
laid  exactly  flat  at  the  ^ero-cccen tricity  position,  i.e..  the  mats  bad  initial  eccentricities  in  some  areas 
because  of  roughness  and  irregularity  in  the  joints.  Consequently  when  the  0.5-in.  eccentricity  was 
induced,  the  mat  system  became  flatter  and  the  buckling  loads  were  thus  increased.  In  most  cases,  the 
buckling  loads  were  greatly  decreased  when  the  eccentricity  was  increased  to  I in. 

AM3Ka!a 

27.  The  aluminum  AM2  landing  mat  is  12  ft  long  and  2 ft  wide  with  a unit  weight  of  6. 1 psf.  Tests 
were  conducted  with  widths  of  6, 1 2,  and  24  ft,  and  were  conducted  only  with  the  connector  bars  parallel 
to  the  load  application  which  is  t he  actual  laying  pattern  in  airfield  runways.  The  measured  locking  angle 
of  the  AM2  mat  is  about  10  deg. 

28.  Table  4 shows  the  test  results  of  AM2  mat  complex  with  a width  of  24  ft.  Figure  14  depicts  the 
shapes  of  buckled  nuts,  Because  the  locking  angle  is  relatively  large,  the  surface  of  buckled  AM2  mat 
was  rot  so  smooth  and  continuous  as  that  of  the  XM 19  mat  with  connector  pins  perpendicular  to  the 
load  (see  Figure  9);  however,  it  was  smoother  than  that  of  the  X M 19  mat  with  connector  pins  parallel  to 
the  load  (see  Figure  10). 

29.  Figure  ISshowsthccffcctsof  eccentricity  on  buckling  loads  of  AM2  mats.  In  the  tests  with  6*ft* 
wide  half  panel,  a concrete  block  was  placed  near  the  load  application  to  prevent  the  premature  buckling 
of  the  mat  at  that  pane).  Figure  15  indicates  that  the  buckling  loads  were  veryscositwe  to  eccentricity. 

XMltMata 

30.  The  aluminum  XM18  mat  is  geometrically  similar  to  AM2  mat,  i.e..  12  ft  long  and  2 ft  wide, 
Ihe  unit  weight  of  XM  18  mat  is  4 ^ psf,  which  is  substantially  less  than  that  of  the  AM2  mat  (6. 1 psf). 
The  locking  angle  of  the  XM18  mat « approximately  the  same  as  that  of  the  A M2  mat  (about  10  deg) 
Tests  were  conducted  with  widths  of  6, 1 2. 24,  and  36  ft,  and  with  theconnector  bars  only  parallel  to  the 
direction  of  the  applied  toad,  which  is  the  actual  laying  pattern  in  airfield  runways.  Table  $ shows  the  test 
rcults  of  244t*wide  XMI8  mats.  In  Figure  16,  the  shapes  of  buckled  XMI8  mats  are  illustrated. 

31.  The  effects  of  eccentricity  and  mat  width  on  buckling  toads  of  XMI8  mats  are  shown  m 
Figure  1 7.  As  in  the  tests  of  other  mats,  the  buckling  loads  decrease  with  increased  eccentricity.  Also,  the 
buckling  toads  increase  with  increasing  width  of  the  mats  at  ait  three  eccentricities. 

32.  Because  the  maximum  widtt  1 4 mat  system  tested  in  the  laboratory  was  36  ft  and  the  mat 
runway  used  in  the  Dyers  APB  had  a width  of  % ft,  concrete  blocks  were  placed  along  the  edges  of  the 
36*ft  mat  system  to  simulate  the  added  weight  ot  the  additional  width  of  mat.  Test  results  with  and 
without  the  blocks  are  shown  in  Figure  18  for  induced  eccentricities  of  0.0. 5.  and  I in.  As  wasexpected, 
the  buckling  loads  increased  with  the  addition  of  blocks,  although  induced  eccentricity  appears  to  have 
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1 gut/B  maty  tamo  tcalo  in  vortical  anti  horizontal  diroctio. 
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latte  effect.  1 he  result*  at  the  mode I AM-?  mb  vb***n  w lbf»  *11  m*y  bo  to ohum <itwUi»u*e 
ia2o«autw>a  fat  icwccakO  buckUnf  Ll*J*  due  to  uK«c*«of  *tdlh  of  tbc  ttwU  heysnd  the  $Mt  **<Jtf* 
JJ  IhcaOwtait  docs  not  at* ay*  Und  at  tbc  «»?c»  «*f  tbc  runway.  v>  lest*  »cre eoodueicd  mth  the 
load  appbed  near  theedfe  of  the  out  tyOctu  The  fc«ih»  atcitvown  in  Figure  IS  It  can  he  wxn  that  the 
boeitwg  load*  were  greatly  reduced  when  tbc  load*  »wc  not  afidtcd  at  the  center  of  the  nut* 

34.  h|iuo  I9dl  itxw  tbc  luifuo  of  «vcc«l  buckled  XMIi  nut  tyiuau  with  and  without 


{(’ 


t t 


vor 

•CCfNfO 


' I MCCf 


n 


y t .o  p 
* 1 


'*3T  ITpiisiI 


10  20  SO  40  SO 

suenvtMC  10*0. 

Piju«»  f3  Sheets  o t occanmary  on  bucMUfig  loads  o t MW9  mats 


concrete  Nocks.  Figure  22  shows  the  buckled  surface  when  failure  of  the  joints  was  incipient.  Figure  23 
show*  cluscup  views  of  failed  joinu.  For  other  tests  conducted  in  this  study,  the  hucklutg  process  was 
discontinued  tong  More  failure  became  incipient. 

COMPARISON  Of  BUCKUNG  LOADS  Of  OtffgftEMT  MATS 


31  the  ret»tioo*hips  between  buckling  toad*  and  mat  width  for  different  mat*  are  shown  in 
Figure  **.  Fseept  for  mats  whe,-.  ;b.  joints  were  not  *taggerea  the  buckling  loads  of  the  mats 
increased  lineally  with  increasing  mat  width  withm  the  range  of  tests  The  masrmum  buckling  load  was 
obtained  with  staggered  XMlo  mats  ta  winch  the  connector  bars  were  perpendicular  to  the  load  When 
the  XMW  mats  were  not  staggered,  the  teds  were  conducted  with  connector  bars  both  perpendicular 
and  parallel  to  the  load*  The  buckling  toads  for  this  ease  were  larpr  than  for  AM2.  at*  at  I Mt  width 
but  smaller  than  for  AM2  mats  at  SWt  width.  The  reason  foe  the  nonlinear  relationship  between 
bwckbng  loads  and  mat  width  for  the  XM 19  mats  is  not  known  because  the  unit  weight  of  X M 19  ts  close 
to  that  of  \MH  mat.  the  greater  bockUng  toad  of  X M 1 9 twit  h mats  not  stagge«cd)  compared  w n h that 
of  the  XMil  mat  n attributable  to  the  greater  panel  wsdtb  of  the  Xh!!9  mala  tie.  greater  data  nee 
between  panel  joints  nt  the  direction  of  loading) 

3b  the  unit  weight  of  the  XMI9  mat  is  substantially  less  than  that  of  AM'  mats  However,  the 
buckling  load  of  the  XMI9  mats  m a staggered  laying  pattern  n much  greater  than  the  bitekfeagload  Of 
the  AM2  out.  As  can  be  seta  to  Figure  24.  itaggcftag  the  joUUs  of  the  X M 19  mat  greatly  unutaied  the 
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Figure  15.  Effects  of  eccentricity  on  buckling  loads  of  AM2  mats 

37.  The  joints  of  AM2  and  XM18  mats  are  very  similar,  as  shown  in  Figure  8.  However,  the 
dimensions  shown  ;r.  the  figure  may  vary  greatly  among  different  mat  sections. 
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SIMULATED  WATERPROOF  XM18  MATS 

38.  The  purpose  of  the  tests  of  simulated  waterproof  mats  was  to  determine  the  effect  of  the  fillers 
inserted  along  the  joints  on  the  buckling  loads.  Prior  to  the  tests,  it  was  considered  that  the  filler 
insertion  would  reduce  the  locking  angle  and  thus  increase  the  buckling  loads.  As  previously  mentioned, 
waterproof  XM 1 8 mats  were  not  available  during  the  tests;  thus  a 0.5-in.  (outside  diameter)  heavy-duty 
rubber  hose  was  used  as  shown  in  Figure  25.  Because  of  difficulty  in  inserting  the  hose  along  the  full 
length  of  the  transverse  joint,  6-in.  pieces  of  hose  were  placed  at  two  sides  and  the  center  of  each  panel.  It 
is  believed  that  this  arrangement  was  an  adequate  simulation  of  the  waterproof  XM  1 8 mats.  Tests  were 
also  performed  with  a S/16-in.-diameter,  plastic-coated  utility  wire  inserted  along  the  joint  as  also 
shown  in  Figure  25. 

39.  Test  results  for  a 6-h-wide  mat  showed  no  increase  of  buckling  load  with  the  insertions  along 
the  joint.  Tests  were  also  conducted  with  the  center  of  the  rubber  hose  filled  with  plastic  wire  to  increase 
its  stiffness,  but  no  increase  of  buckling  load  was  observed.  However,  it  was  found  that  the  surface  of  the 
buckled  mat  with  insertions  was  much  smoother  and  mo>c  continuous  than  that  of  the  buckled  mats 
without  insertions.  This  is  particularly  true  when  plastic-coated  wires  were  placed  at  the  upper  part  of 
the  joint.  Tests  with  mat  width  greater  than  6 ft  were  not  conducted. 
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S/I8-IN.  WIRE  INSERTED 
ZERO  LOCKING  ANGLE 


1/2-1".  RUBBER  HOSE 
ZERO  LOCKING  ANGLE 


Figure  25  Configurations  of  XM18  mats  with  and  without 
fillers  during  buckling 


BUCKLING  SHAPE 

40.  As  noted  earlier  in  this  report  there  is  a difference  in  the  buckled  shape  depending  on  the  type  of 
mat.  the  lay  pattern,  or  the  joint  locking  angle.  In  the  tests  it  was  also  observed  that  the  stability  of  the 
buckled  form  relative  to  its  horizontal  position  along  the  mat  depended  on  the  buckled  shape  of  the  mat. 
The  stability  of  the  buckled  shape  has  significance  with  respect  to  the  ability  of  the  buckling  wave  to 
move  ahead  of  a rolling  aircraft.  All  the  evidence  i ndicates  the  wave  which  formed  ahead  of  the  C-5A  a . 
Dyess  APB  was  a stable  type  which  would  not  move  horizontally  ahead  of  the  aircraft.  As  can  be  noted 
in  the  movies  and  photos  which  were  taken  of  the  failure,  complete  disintegration  of  the  mat  occurred 
when  the  aircraft  ran  onto  the  buckled  mat.  Disintegration  was  not  caused  by  the  horizontal  braking  of 
the  aircraft. 

41.  The  ability  of  the  wave  formed  by  buckling  to  move  ahead  of  an  aircraft  depends  not  only  on 
the  shape  of  the  wave  but  also  on  the  speed  of  the  aircraft  and  the  height  of  the  wave.  Thus  any  statement 
regarding  theability  of  an  unstable  wave,  such  as  the  wave  formed  by  the  buckled  XM 19,  to  run  ahead  of 
a landing  aircruft  would  be  pure  conjecture.  About  the  only  statement  that  can  be  made  at  this  time  is 
that  a wave  such  as  that  formed  by  the  buckling  of  AM2  or  XMIK  will  not  move  ahead  of  an  aircraft. 
However,  it  is  possible  that  the  wave  formed  by  the  buckling  of  the  XM  I*)  mat.  or  by  other  mats  with 
insertions,  may  move  ahead  of  the  aircraft  and  roll  without  causing  a mat  failure. 
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PART  V:  FACTORS  AFFECTING  PERFORMANCE  OF  MATS 
DURING  LANDING  OPERATIONS 


42.  The  forces  imposed  on  a mat  runway  due  to  aircraft  landing  and  braking  arc  indicated  in 
Figure  26.  These  forces  are: 

a.  A normal  component  W due  to  the  weight  of  the  aircraft. 

b.  A friction  force  FB  between  the  tire  and  the  mat  which  is  proportional  to  the  friction 
coefficient  between  the  tire  and  the  mat  g,  , the  aircraft  weight  W . and  the 
deceleration  a . 

c.  A friction  force  Fs  between  the  mat  and  the  subgrade  which  is  also  proportional  to 
aircraft  weight  as  well  as  the  coefficient  of  friction  between  the  mat  and  subgrade 

d.  A tensile  force  F(  in  the  mat  behind  the  aircraft. 

e.  A compressive  force  Fc  in  the  mat  ahead  of  the  aircraft. 

The  maximum  horizontal  reaction  of  the  mat  system  occurs  when  all  joints  behind  the  aircraft  arc  fully 
extended  while  all  joints  ahead  are  compressed.  To  reduce  the  compressive  force  ahead  of  the  aircraft, 
which  contributes  to  buckling,  it  is  desirable  that  as  much  tensile  resistance  be  mobilized  as  possible. 
This  can  be  accomplished  if  the  joints  of  the  system  are  maintained  it  a fully  extended  position.  The 
insertions  shown  in  Figure  25  would  assist  in  keeping  the  joints  in  a state  capable  of  resisting  tension 
without  requiring  large  horizontal  displacements.  In  addition,  the  surface  of  the  buckled  mats  is 
smoother  and  more  continuous  with  the  insertions  because  the  locking  angles  of  the  mat  are  reduced. 
This  would  result  in  a configuration  which  would  be  more  likely  to  move  ahead  of  an  aircraft  without 
causing  mat  failure. 


lANOm&HECTION 


yyr#  2ft  Boreas  on  mat  runway 

43.  Test  results  indicate  tluit  the  buckling  hud  is  sensitive  to  the  eccentricity  ot  the  mats.  'I  tie  effect 
of  induced  initial  eccentricity  in  most  cases  was  fairly  pronounced  for  a narrow  system  but  was  obscured 
as  the  system  width  increased.  It  is  easier  lor  a 4-  or  Wt  system  to  be  laid  flat  and  straight;  a wider  s>  stem 
would  have  a larger  number  of  natural  irregohmttcs  ti.e..  warped  panels,  crooked  or  damaged  totnts. 
etc.  1 which  would  overshadow  the  effects  ot  •n«.  induced  eccentricity  . Nevertheless,  test  results  indicate 
Itiat  the  runway-  subgrade  should  be  as  smooth  as  possible  before  faying  mats 

44.  | lie  effect  of  panel  width  on  buckling  hud  is  evident  from  the  results  of  (he  tests  of  XMNnut 
with  joints  not  staggered,  lo  use  the  available  A M2  and  XMIS  mats,  Ote  alternative  pattern  shown  m 
Figure  27  would  increase  the  buckling  load  smectite  longitudinal  punts  of  tlic  \ M I#  nut  are  compatible 
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Figure  27.  Lay  pattern  tor  AM2  or  XM18  mat  to  increase  effective  panel  width  with  XMt 9 panels 


with  those  of  the  AM2  and  XM 18.  This  arrangement  would  make  the  AM2  and  XM 18  panels  behave 
more  like  the  XM19  w ith  continuous  transverse  joints  and  with  connector  bars  parallel  I f igure  9)  to 
traffic.  However,  the  increase  of  the  buckling  load  is  believed  to  be  not  very  significant. 

45.  The  lay  pattern  shown  in  Figure  28  for  AM2  and  XM  18  mats  can  increase  the  buckling  load. 
Special  rods  and  panels  placed  at  the  center  of  the  runway  will  have  to  be  manufactured.  Because  the 
mats  are  placed  at45-deg  angle.*,  to  the  center  rods,  the  component  force  parallel  to  the  connector  pins  is 
reduced.  The  other  component  force  wilt  not  cause  the  mats  to  shift  because  live  mats  are  kid 
symmetrically  with  respect  to  the  center  rods. 


pattern  for  AM.'  &*$  '"at*  h»  ‘tfetOas*  bm*t**$  *rw*» 


46.  The  lay  patterns  for  XM|9  mat  shown  in  Figure  29  may  increase  the  buckling  load  to  some 
extent.  The  checkerboard  pattern  is  more  continuous  but  predominant  migration  is  unidirectional  and 
parallel  to  connector  pins.  In  the  diamond  pattern  the  migration  problem  may  be  (ess  severe  but  the 
system  has  a predominant  weak  axis  parallel  to  the  connector  bars. 

47.  Test  results  indicate  that  edge  restraints,  either  weights  or  anchors,  arc  effective  in  increasing 
the  buckling  load  when  ihe  load  is  applied  near  the  edge.  However,  it  is  believed  that  this  effectiveness 
would  diminish  very  rapidly  with  distance  from  the  edge  and  would  nut  pruvtde  much  benefit  to  the 
center  purliou  of  the  nuts. 


euCKJLI NG  LOAD  DIVIDED  BY  MAT  WIDTH  AND  UNIT  WEIGHT,  FT 


PART  VI:  MATHEMATICAL  ANALYSIS  OF  LANDING  MATS 

48.  The  results  of  static  tests  of  various  mat  systems  have  been  replotted  in  Figures  30*32.  In 
Figure  30  the  buckling  load  has  been  normalized  with  respect  to  nut  width  and  total  system  weight. 
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Figure  31  Normalised  touching  load  versus  mat  width 
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Figure  32  Normalised  horisontal  load  versus  normalised  vertical  deflection 
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This  plot  indicates  the  beneficial  effect  of  panel  width  (4  ft  for  XM19,  2 ft  for  AM2  and  XM18)  on 
buckling  load.  In  Figure  3 1 the  buckling  load  has  been  further  normalized  with  respect  to  panel  width. 
The  curves  of  Figure  31  indicate  that  the  nondimensional  buckling  load  is  relatively  independent  of 
system  width  within  the  range  of  widths  tested. 

49.  The  variation  of  the  nondimensional  horizontal  load  on  the  mat  with  vertical  deflection  is 
illustrated  in  Figure  32  for  sev-  ral  mat  systems.  These  curves  indicate  that  the  maximum  horizontal 
reaction  of  the  mat  is  auaineu  at  low  vertical  displacements  and  as  soon  as  vertical  displacement  is 
initiated,  the  horizontal  load  required  to  induce  further  deflection  diminishes  to  essentially  a constant 
value  and  additional  imposed  horizontal  deformation  results  only  in  increasing  the  number  of  panels 
undergoing  vertical  displacement  during  the  buckling  process. 

50.  Except  for  the  XM19  mat  with  staggered  joints,  the  behavior  of  all  mats  tested  may  be 
demonstrated  by  a simplified  articulated  system  composed  of  straight  rigid  bars  and  moment-free 
(frictionless)  joints  as  shown  in  Figure  33a.  Once  buckling  of  the  real  mat  system  was  initiated,  the 
buckled  shape  progressed  through  the  series  of  configurations  shown  in  Figure  33b-f. 

51.  For  the  configuration  shown  in  Figure  33,  the  nondimensional  horizontal  load,  Q , required 
to  sustain  each  of  the  buckled  shapes  may  be  expressed  as 
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and  the  maximum  nondimensional  vertical  displacement  /\  (maximum  displacement  divided  by  \ 

panel  width)  is  -1 
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A = sin  £ 

3 - (-1)U  . , 

4 

9J  + X Jj  • sin  jarc  tan  j^4.-L.L+ 

~ tan  ■ <?]  j 

where 

9 = angle  shown  in  Figure  33 
n = number  of  panels  in  buckled  shapes 
Jj  = 0 for  n < 4 

Jj  = i for  n > 4 

J2  = 0 for  n < 6 

J2  =1  for  n 5 6 

Plots  of  Q versus  A areshownin  Figure  34  for  values  oftheanglc  0 , Figure  33,  up  to  10  deg. 
Nondimensional  potential  energy  of  the  system  weight  (weight  potential  energy  divided  by  total  system 
weight)  as  a function  of  maximum  vertical  displacement  is  shown  in  Figure  35. 

52.  The  straight  mat  shown  in  Figure  33a  is  capable  of  transmitting  any  level  of  horizontal  load. 
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FRICTIONLESS  JOINT 

a.  INITIAL  STRAIGHT  MAT 


b.  TWO  PANEL  3UCKLED  SHAPE 


c.  THREE  PANEL  BUCKLED  SHAPE 


d.  FOUR  PANEL  BUCKLED  SHAPE 
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s FIVE  PANEL  BUCKLED  SHAPE 


f.  SIX  PANEL  9UCKLED  SHAPE 


bigure  33  Buckled  configurations  of  idealized  mat 


However,  il  any  initial  vertical  displacement  consistent  with  one  o|  the  displaced  shapes  ol  Figure  33b-t 
is  present,  then  the  horizontal  loud  necessary  to  sustain  the  system  in  equilibrium  decreases  rapidly  as 
the  deflection  increases. 

53.  I he  joints  ot  the  real  mat  are  relatively  moment  tree,  as  assumed  in  the  idealized  system,  only 
up  to  a limiting  value  ol  the  angle  0 I his  limiting  value,  referred  to  as  the  "locking  angle'* above, 
depends  on  the  type  ol  mat  and  the  condition  ot  the  lotius  and  has  been  observed  to  range  I rom 
approximately  4 to  10  dee.  When  0 reaches  the  locking  angle  at  a joint,  then  that  joint  is  no  longer 


moment  free  and  the  horizontal  load  required  to  induce  further  vertical  deflection  increases  rapidly 
depending  on  the  stiffness  of  the  joint.  This  is  illustrated  by  the  dashed  vertical  lines  in  Figure  34  for  a 
locking  angle  of  5 deg.  Up  to  this  value  of  displacement,  the  total  potential  energy  of  the  system  is 
essentially  equal  to  the  potential  energy  of  the  system  weight.  When  the  locking  angle  is  reached  any 
additional  work  done  on  the  system  is  stored  as  strain  energy  in  the  locked  joint  and  the  total  energy  of 
the  system  increases  with  little  change  in  the  weight  potential  energy.  This  increase  is  illustrated  by  the 
arrows  in  Figure  35  for  a locking  angle  of  5 deg. 

54.  It  is  now  possible  to  obtain  a qualitative  visualization  of  the  buckling  phenomena  observed  in 
tests  of  the  real  mat.  Although  the  real  mat  was  initially  flat  before  loading,  there  existed  myriad  natural 
irregularities  in  the  system.  These  irregularities  provide  the  vertical  displacements  required  to  begin 
buckling.  As  horizontal  load  was  applied  to  the  system,  the  total  potential  energy  of  the  system  increased 
with  the  work  done  ou  the  system  being  stored  as  axial  strain  energy  due  to  the  axial  flexibility  of  the  real 
mat  panels.  As  the  load  and  energy  increased  above  the  values  consistent  with  those  of  the  initial  state, 
the  initial  state  became  unstable  and  the  system  underwent  a sudden  transition  to  a new  configuration  at 
a higher  vertical  displacement  and  an  attendant  reduction  of  load  necessary  to  sustain  equilibrium  in  the 
new  shape.  When  additional  horizontal  loading  effort  was  applied  to  the  system,  the  vertical  deflection 
increased,  accompanied  by  decreasing  horizontal  load  and  increasing  weight  potential  energy  until  the 
locking  angle  at  a joint  was  again  reached.  When  joint  locking  occurred,  the  load  required  for  further 
displacement  increased  due  to  the  moment  resistance  developed  in  the  locked  joint  and  the  total 
potential  energy  of  the  system  increased.  The  increased  energy  in  the  system  was  stored  as  strain  energy 
in  the  locked  joint.  When  the  horizontal  load  and  total  energy  in  the  current  state  reached  sufficiently 
high  levels,  the  system  again  became  unstable  and  progressed  to  a new  configuration  with  an 
accompanying  decrease  in  axial  load,  increase  in  vertical  deflection,  and  increase  in  the  number  of 
panels  comprising  the  buckled  shape.  This  process  was  repeated  as  the  buckled  system  moved 
progressively  through  the  shapes  s i.nvn  in  Figure  33.  Illustrative  variat.  ans  in  loads,  displacement,  and 
energy  during  the  buckling  process  are  shown  in  Figures  36  and  37  by  the  heavy  curves.  The  similarity 
between  the  speculative  load-displacement  behavior  shown  in  Figure  36  and  the  observed  behavior  of 
the  real  system.  Figure  32,  is  apparent. 

55.  Because  the  joints  of  the  real  mat  are  not  moment  free  before  locking,  and  due  to  shifts  in  the 
points  of  horizontal  load  transfer  through  the  joint  during  buckling  (see  Figure  K),  only  qualitative 
comparisons  between  the  idealized  and  real  systems  are  available  However,  it  is  possible  to  draw  several 
conclusions  which  apply  to  an  assessment  of  the  compressive  load  transfer  capabilities  ot  the  real  mat. 

a.  The  horizontal  load  at  which  buckling  will  begin  depends  almost  exclusively  on  the  vertical 
eccentricities  existing  in  the  mat  at  the  tune  the  load  is  applied  Because  ut  the  random 
nature  of  initial  irregularities  of  the  real  system  (e  g.,  watped  panels,  damaged  joints, 
uneven  subgrade)  the  initial  buckling  load  is  an  untenable  measure  ol  the  load-carrying 
capacity  ot  the  system. 

h.  Once  buckling  has  begun,  the  horizontal  resistance  ot  the  mat  diminishes  rapidlv  and 
attains  a relatively  constant  value  even  though  the  system  continues  to  displace  vertically 
with  progressively  larger  numbers  ol  panels  involved  in  the  buckled  stupe 

t\  I he  resistance  ot  the  mat  to  horizontal  loads  alter  hucklingdcpcmhpredoniinantlv  nit  the 
locking  angle  at  the  joint,  I he  posthucklmg  resistance  capability  ot  the  nut  increases 
rapidly  with  decreased  locking  angle  (see  Figure  34) 

i/.  1 he  number  ot  panels  involved  m the  buckled  shape  increases  with  reduced  locking  angle 
fcveu  though  the  vertical  displacement  increases  with  the  number  of  panels,  the  prof  ile  id 
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the  buckled  shape  presented  to  a landing  aircraft  is  longer  and  smoother  than  that  fora  low 
number  of  panels  and  offers  the  possibility  that  the  buckled  shape  will  move  ahead  of  the 
aircraft. 

Because  of  the  random  nature  of  irregularities  in  the  real  system,  there  appears  to  be  little 
benefit  to  be  gained  from  more  elaborate  mathematical  analyses  directed  toward  a more 
exact  determination  of  initial  buckling  load  or  of  sustained  postbuckling  resistance. 


PART  VII:  CONCLUSIONS  AND  RECOMMENDATIONS 


CONCLUSIONS 

Laboratory  Buckling  Teats 

56.  Because  the  available  data  are  limited,  it  is  only  possible  to  present  the  following  qualitative 
conclusions: 

a.  The  initial  buckling  load  of  the  mat  increases  with  panel  w .dth,  mat  unit  weight,  and  system 
width. 

b.  The  initial  buckling  load  of  the  mat  decreases  rapidly  with  increased  initial  eccentricities  in 
the  system. 

c.  The  initial  buckling  load  is  independent  of  the  locking  angle  of  the  joints. 

d.  The  postbuckling  resistance  of  the  mat  is  substantially  lower  than  the  initial  buckling  load 
and  increases  rapidly  with  decreased  locking  angle. 

e.  The  profile  of  the  buckled  wave  becomes  smoother  and  more  continuous  as  the  locking 
angle  is  reduced. 

J'.  Insertion  of  filler  rods  in  the  joints  nerpendicular  to  the  loading  direction  reduces  the 
locking  angle  and  in  addition  maintains  the  joints  in  a fully  extended  position  to  permit 
maximum  mobilization  of  the  tensile  resistance  of  the  mat  behind  a landing  aircraft. 

g.  Any  revision  such  as  resilient  filler  insertions  or  alternative  lay  patterns  which  cause  the 
mat  to  tend  toward  a continuous  system  or  which  increase  the  effective  panel  width  will 
enhance  the  postbuckling  behavior  and  may  increase  the  initial  buckling  load. 

Theoretical  Analysis 

57.  As  previously  mentioned,  because  of  the  random  nature  of  initial  irregularities  of  the  real 
system  (e.g.,  warped  panels,  damaged  joints,  uneven  subgrade)  the  initial  buckling  load  is  an  unreliable 
measure  of  the  load-carrying  capacity  of  the  system;  more  elaborate  deterministic  mathematical 
analyses  directed  toward  a more  exact  determination  of  initial  buckling  load  or  of  sustained 
postbuckling  resistance  arc  unwarranted. 

RECOMMENDATIONS 


58.  To  investigate  the  potential  enhancement  ot  mat  behav  tor  without  requiring  extensive  revision 
of  panel  design,  the  following  experimental  investigations  are  recommended; 

a.  The  smoother  profile  of  a buckled  mat  with  tiller  rods  inserted  in  the  loutls  may  permit  the 
buckled  wave  to  propagate  along  the  mat  when  it  is  encountered  by  the  wheel.  This 
possibility  should  be  examined  using  the  C»$A  wheel  assembly  with  a relatively  large  mat 
layout. 

h.  The  alternative  mat  layout  shown  in  f igure  J?  is«  relatively  expedient  means ol  increasing 
the  effective  panel  width.  The  beliavtorol  this  layout  should  he  examined  in  a series  id  tests 
similar  to  those  reported  above 

i*.  I lie  diagonal  lay  patterns  tor  \Mld  mat  shown  in  figure 'd  may  increase  the  effective 
panel  width  white  reducing  the  component  ot  horizontal  held  perpendicular  to  the 
predominant  weak  mint  (without  connector  ptnsi  Ihc  behavior  ot  these  alternatives 
should  be  examined  experimentally  both  with  and  without  tiller  insertions  in  the  weak 
joints. 
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APPEMQIX  A 

AM2  LANDING  MAT  PERFORMANCE  UNDER  C-5A  TRAFFIC 
AT  DYERS  AF0,  TEXAS 


DEPARTMENT  OP  THE  ARMY 

WATERWAYS  EXPERIMENT  STATION.  CORPS  OF  ENGINEERS 
P.  O.  BOX  631 

VICKSBURG.  MISSISSIPPI  39ISO 


IN  MM.V  mnil  TOi  WESSF 


3 November  .'970 


MEMORANDUM  FOR  RECORD 

SUBJECT:  AM2  Landing  Mat  Performance  under  C-5A  Traffic  at  Dyess  AFB,  Texas 


1.  In  a meeting  with  Mr.  Ronald  L.  Hutchinson  on  21  September  1970,  Dr.  Yu-Tang  Chou  and 
Dr.  Walter  R.  Barker  were  requested  to  study  the  available  information  concerning  the  AM2  mat 
failure  at  Dyess  AFB,  Texas.  The  failure  in  question  occurred  on  24  August  1970  during  a landing 
operation  of  a C-SA  aircraft. 

2.  I'he  available  information  on  the  events  of  the  failure  consisted  in  its  entirety  of  the  report  by 
Mi.  H.  L.  Green  and  a film  taken  by  Mr.  R.  H.  Ledbetter  (selected  frames  are  shown  in  Figure  A I ). 

3.  Information  on  the  AM2  mat  is  available  from  reports  of  simulated-traffic  investigations  conducted 
by  the  Waterways  Experiment  Station  (WES).  The  report  covering  the  evaluation  of  May  two-piece 
AM2  mat  is  given  in  Miscellaneous  Paper  S-68-11.  One  WHS  report  (Miscellaneous  Paper  S-69-50) 
covers  the  reconstruction  of  the  landing  mat  test  facility  and  its  performance  during  C- 141 A flight  tests. 
Another  report  by  the  U.  S.  Army  Test  and  Evaluation  Command  covers  the  performance  of  the  mat  at 
Dyess  AFB  from  15  August  1966  to  18  October  1967. 

4.  In  order  to  obtain  additional  information  concerning  the  behavior  of  the  A M2  mat,  several  tests  were 
conducted  at  WTS  by  personnel  of  the  flexible  Pavement  Branch.  I he  tests,  which  are  described  on 
pages  A8  through  AI2,  consisted  of  a tension  test  of  the  longitudinal  joint  (side  joint),  three  buckling 
tests,  and  a test  to  determine  the  coefficient  ol  t riel  ion  beneath  the  mat.  Figures  A2.  A3,  A4-A8  (which 
are  from  the  Led  hotter  film),  A9-A 1 3.  and  I abU-  A I illustrate  these  tests  Additional  tests  are  presently 
being  conducted  by  personnel  ol  the  Mat  Section.  Expedient  Surfaces  Branch. 

5 I he  horizontal  thrust  applied  to  the  mat  runway  by  a braking  airerult  is  a (unction  of  normal  force, 
the  coetliciem  of  friction  between  the  lire  and  lyxit.  and  the  coefficient  of  friction  between  the  nut  and 
subgrade.  Die  relationship  icay  be  expressed  in  equation  form  as 

l „ " tt‘j  Cj  fl  y 


where 

EM  is  the  hortmttal  thrust 

Cj  is  the  coefficient  of  friction  between  the  tire  and  mat 
C*  i»  the  coefficient  of  friction  between  the  mat  and  subgrade 
Ev  u the  normal  force  (assumed  to  be  weight  of  the  aircraft) 
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Previous  tevtv  v»l  AM’  out  have  indicated  a nuxttnunt  coefficient ot  Unction  between  the  life  and  mat  of 
it  h At  | Hew  the  ruftwav  had  been  constructed  riving  a membrane  beneath  the  mat  t he  teMv  at  Hangar 
4 1 ruinated  the  coefficient  of  f ikison  between  the  mat  and  membrane  to  hell!*  I he  weight  4 the  atrerait 
at  the  time  of  lauding  wav  approximately  47u.tW0lb  1 hue  the  hott/ottial  ttwuvt  applied  to  the  tunwnv 
would  he  approximately  4?.iW0  ib 

t*  An  examination  of  mov  «;•»  taken  during  the  tandmgand  nut  failure  at  IKe*%  \l  ft  vhow«  a how  wave 
or  buckling  of  the  mat  occurring  in  fnmt  of  the  aircraft**  mam  landing  gear*  A how  wave  involving 
come  vts  to  eight  pa  net*  and  obtaining  a height  of  **4  (t  *e  felt  to  have  occurred  The  tr*t*  conducted  at 
Hangar  * indwatcd  that  a botkAwttal  thrust  id  approximately  UU.UtW  to  Mt.UHl  tb  would  be  ncvcwnx 


i 


Ftgur*  A4  Print  ftQtn  film  vrioamy;  mtuitnum  ixxkltnq  twnjM  ttuH* ttatmttpiy  30  in  > 


tavnuntnii  hueklmt:  hav  been  induced  hy  the  movement  ot  the  aifcrald  tot  the  development  ot  the  how 
wave.  and  the  mat  behind  the  How  wave  would  have  to  move  a hotuoivtut  violative  (treater  titan  M m 
thiv  hmuontul  loue  t»  the  totve  which  had  to  he  applied  to  the  f tin  way  irt  trout  ot  tin;  aircraft  and 
uv>>umev  tttat  none  was  taken  hy  tenuon  in  the  runwar  behind  the  aircraft  \ hortrontaf  timid  id  stumti 
Ih  would  mean  that  the  d (He  re  nee  in  tlte  eoettieient  between  the  tite  and  mat  and  the  eoettu  lent  between 
the  mat  and  vutHJtade  would  be  appruvtmatcU  ti  2 Although  lent  Vo  Stvee  t iyiure  Mh  indicated  a 
voett teietit  difference  ot  only  0 l . it  tv  Jett  that  a difference  of  t)  2 or  greater  could  have  e voted  m the  field 

’ It  the  t«aioevt*e  lotnt  «t  the  AMI  mat  temaito  connected.  the  toon  o vapahle  ot  eammy  ven  U-  jv 
t«adv »« tendon  Ko  Vo  4 t*ee  figure  M2t  tftdieated  the  uteupth  ot  one  panel  to  h»-  in  the  order  *>i 
SliMhW  tf*  the  weight  ot  the  f unwav  o approvittafcU  taw  th  U ot  tunwav  and  *h<HiU  he  aMe  to  re»*u 
M*t  (hot  hofuntoal  thtud  faoumiUji  a If  $ c«t?Uwt<-*iU  ot  fttettott  between  the  tunwav  and  memmaitef  ft 
nntv  th*l  It  «d  fu«w«n  behind  the  aoetaft  were  ellfetw,  Ul.tuitl  |b  would  he  reunited  to  d<de  the  ttwt 
le**  Vo  f uwKated  out  movement  behind  the  ancraft  at  nfeatet  dotaovv*  I Hu*  one  uvevtton  o.  whv 
dal  the  mat  md  take  the  hotuoutai  thrnd  h\  tetiMoti  m the  mat  behind  the  a>tviatt‘  f he  reason  appeat* 
to  he  a eomh’rtatton  ot  joiitl  ratture*  and  the  avetintuUlton  ot  want  daek  \hhowyh  the  Uaiovetie  t»mt 
will  take  latjle  ten  ole  fotvev.  the  pwiU  will  become  doeomweied  with  Mttult  fot*tn«ui  movement  of  the 
tnal.  patttvuiatly  it  the  C-tad  o damaged  Several  tothtv  hetund  the  atferall  wete  noted  to  he 
diwonocetcd 


\ 


.1 


c S»*lh  Uii  (j  Uat  to  Itrul  buekkny  to«m 

'*»  A*  $*<**  v*  ty>M%  ham  m«ioo  o^tu^s  him  moo**v  cAtoc#  m cwUtttg  ghaae 


* Alter  vjuUmh^  (he  jvatlaMe  uitomuttwn. ! have  tfvr  toltau.1%*  eomntent*  on  the  *utycet  te*iv. 

d It  on  tv  ncyttjitMc  temtle  Neeedevehip  NhtfvJ  the  aircraft.  then  the  hwuuntal  thtutf  ptodueed  by 
Hte  airwrctt  btahitig  t*  vulitcictu  tw  eauw  HuekU%*  ol  the  AM2  nut 

h In  Uw  failure  nl  A Hi.  bueUmg  did  eevur  tmJ  the  a»al  failed  by  bending  of  the  Itaiwvetvr 


s Ihe  eau*r  of  failure  he*  tn  the  hawe  «lmgn  nl  the  AM J mat.  although  the  of  the 

mat  at  the  time  of  the  failure  ua*  a eonmbuiuig  eau«  the  worn  condition  » feil  to  be  the  iumwv 
reanm  tot  diwotuveUuwM  noted  behind  the  aircraft. 
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d the  AMJ  nut  nuy  he  nude  mote  *taMc  hv  either  chaftgmj*  the  geometry  ehjtN  »‘t  the  panet. 
changing  the  t»v  {uKern.  nterejvstm  the  bending revtutwe id  the  hmgmjdinji  nun*'  devrvsMttg  lhe|t»*w 
jdaeh  *«  that  more  h**rir«^tal  thsu*t  >*  uixn  hv  tension,  increasing  the  rvssUafve  to  (fanner  ve 
w by  nwreaMRf  the  ueteffwteni  <d  friction  heoteen  the  nut  and  ciihg fade 

V |n  lest  I \.  the  nut  iM  b«ei.fcd  a*  itp^(*\iiuach  w.uoo  lh  a(iet  hnsMmg  hud  to  .iMut 

30,000 |h  In  T ‘"4  Itt.thcnut  *muW«»*»  buehSeat  ^“JWiKM»hiieUin*EV»Mi*tdiKed  FewpUrtkcwet* 
wt  the  find  huchUag  mode  the  fnui  mode  »a«  » shown  «?  Figure  A* 
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a.  The  strength  of  (lie  joint  in  bending  is  from  3000  to  4300  in. -lb  per  in.  of  mat.  or  from  36.000  to 

54.000  ft-fh  per  1 2-it  panel. 

b.  1 tie  failure  of  the  male  rail  caused  the  joint  failure.  1 lie  first  failure  was  in  the  top  skin  of  the  male 
rail;  then  the  lower  skin  failed. 

e.  1 ins  mat  failure  was  the  same  type  of  failure  observed  at  Dycss  Al  b. 

12.  I he  findings  from  lest  No.  3 (buckling  ot  6-it  null  arc: 

a.  T he  strength  of  the  joint  was  2K00  tn.-ib  per  in.  or  33,000  ft-ib  per  12-tt  panel. 

b.  f ailure  of  the  top  skin  ol  the  mate  rail  caused  joint  failure. 

c.  T he  angle  a was  approximately  24.5  deg. 

d.  Alter  Duckling  began,  only  about  a 20  percent  increase  in  force  was  required  to  tail  the  mat. 

13.  The  findings  front  lest  No.  4 (tension  test!  are: 

a I he  strength  ot  an  undamaged  joint  was  approximately  1 500  lb  per  in.  ot  panel  or  approximately 

216.000  lb  pci  12-tt  panel. 

b.  I he  mat  tailed  in  tension  by  bending  ot  the  k'-rail  and  the  joint  becoming  uncoupled 
e flu.-  upper  part  ot  the  C-rail  bent  upward  0.1  m 

d AVith  the  i'-rad  henr.  the  nut  had  to  rotate  only  about  12  deg  to  become  uncoupled  Normal!*, 
on  undanuged  nut.  ttie  rotation  required  tor  the  mat  to  become  uncoupled  is  uhewit  30  deg 

|4  fhc  tiiuimgs  from  lest  No  5 (determination  of  the  cocthcient  >n  trwtum)  are 

a I he  coefficient  ot  trie  (tort  between  the  bottom  ot  the  nut  and  polvethekne  was  approximately 
0 5 

b fhe  coetfivwnt  ot  (fiction  hetweeh  the  bottom  »*t  the  mat  and  »uhg(ude  was  approximately  0 n> 

e 1 owef  coctfMcnt  salue*  were  obtained  *uh  the  loaded  mat  tha-.  wete  obtained  when  the  mat 
was  not  t *advd  fh<  number  of  ts«t*  conducted  w,ae  tn»ult<*sent  toestaWuha  votKtunuijUtwo.-uixp 
between  the  normal  Used  and  the  coefficient  of  friction 

15  fhe  conclusion*  I fe*ts  No  Mi  related  lo  (allure  ate 

a the  maito  da;-uce  wa*sauwd  hr  the  t.umutioH  *q  a Nr**  wace  tnttofttot  she  mam  landing  great 
the  Hut  faded  be  bending  the  ownt* 

h The  leave-  required  to  (.**»  and  maintain  th>.«  wave  would  be  at  tea**  u>qum  tb 
« ft  n pmsesitwe  that  nwn*  «etXsn»i?on*  Ktend  tfsr  a^sratt  sosfd  base  aided  «t  the  formation  of  the 

bow  wase 

d f.a  the  Now  wave  to  i><r»,  eonudcTahlie  rr*nvmed  <4  tb*  mat  ttcuitsd  Cto  * ffl 
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SUUJtCl : AM2  Loading  Mat  IVrformauce  under  C-SA  Traffic  at  Dyew*  AH).  I exa* 


e.  l or  the  development  ot  a force  sufficient  to  buckle  the  mat.  the  difference  in  the  eoeltieient  ot 
friction  between  the  nut  and  (ire  and  between  the  mat  and  suhgrudc  would  have  had  to  be  at  least  0.2. 
The  test  conducted  indicated  a difference  of  only  0.1  It  is  most  likely  that  the  test  conditions  tor  the 
determination  of  the  coefficient  of  friction  iiclwccn  the  mat  and  membrane  dui  not  duplicate  the  field 
conditions. 
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